Abstract -Today, complex systems are mainly integrated in CMOS technology, which is facing issues in advanced process nodes, in particular for power consumption and heat dissipation. Magnetic devices such as Magnetic Tunnel Junction (MTJ) have specific features: non-volatility, high cyclability (more than 10 16 ) and immunity to radiations. Combined with CMOS devices they offer specific and new features to designs. Indeed, the emerging hybrid CMOS/Magnetic process allows integrating magnetic devices within digital circuits, modifying the current architectures, in order to contribute to solve the CMOS process issues. In this paper we present a high performance innovative non-volatile latch integrated into a flip-flop which can operate at high speed. It can be used to design non-volatile logic circuits with ultra low-power consumption and new functionalities such as instant startup (normally-off-electronics). This new flip-flop is integrated as a standard cell in a full Magnetic Process Design Kit (MPDK) allowing full custom and digital design of hybrid CMOS/Magnetic circuits using standard design tools.
INTRODUCTION
For almost 40 years, the development of electronic circuits is evolving according to more or less Moore's law: speed and density double every 18 months. But in advanced technology nodes, this trend tends to get out of breath. Indeed, due to the small dimensions of the devices and the high speed operations, the power consumption of logic circuits becomes larger and larger, resulting in heat dissipation and reliability issues. Several techniques have been implemented to decrease the power consumption of logic circuits [1] (clock and power gating, dynamic voltage frequency scaling...). Power gating consists in cutting off the power supply of unused blocks of a circuit to reduce the standby power consumption. With volatile memories, this technique requires copying the data into non-volatile or very low leakage memory, resulting in delays and dynamic power consumption. Using a non-volatile flip-flop (NVFF) allows cutting off the power supply without any additional operation and with very low area overhead, allowing an efficient instant on/off policy. In this way it allows the circuit to be stopped and restarted at once on demand with full performance, leading to the concept of "normally off electronics". This also improves the circuit reliability in particular against power failures. Radiation immunity is a further advantage of this hybrid CMOS/Magnetic technology. In this paper, we present a compact and high performance non-volatile latch integrated into a flip-flop and a full Magnetic Process Design Kit (MPDK) allowing full custom and digital design of hybrid CMOS/Magnetic circuits. The first part deals with the magnetic technology, the second part is dedicated to the description of the non-volatile latch and finally, we present the MPDK embedding the latch into a flip-flop as a standard cell to be used in a conventional CMOS design flow.
II. TECHNOLOGY AND DEVICE

A. Magnetic Tunnel Junction using Thermally Assisted
Switching method A Magnetic Tunnel Junction (MTJ) is a nano-structure basically composed of two ferro-magnetic layers separated by an oxide layer as shown in Fig.1 . The magnetization of one of the magnetic layer, called the hard layer, is pinned and acts as a reference, while the magnetization of the second layer, called the soft layer, can be switched by an external magnetic field, or a current. The resistance of the MTJ depends on the relative magnetization of the two layers (Tunnel MagnetoResistance, TMR): the resistance in the parallel state (R P ) is lower than the resistance in the antiparallel state (R AP ). These two values typically differ by a factor 2 to 3. The MTJ pillar has typically an elliptical shape. Due to shape anisotropy, the long axis of the ellipse constitutes an easy axis of magnetization. In the absence of external solicitation, the magnetization of the soft layer lies in one direction or the opposite one along this axis. In practice, for memory and logic applications, the magnetization has two stable states, parallel or antiparallel to the hard layer magnetization, with an hysteretic behavior. In this case, the value stored in the MTJ is represented by its magnetic configuration and the associated resistance value. Writing an information in the MTJ consists in orienting the magnetization of the storage layer either parallel or antiparallel to that of the reference layer. In the first MRAM generation [2] , this is performed by a pulse of magnetic field generated by a pulse of current flowing in a current line located above or below the MTJ. This approach suffers from selectivity and scalability problems. The Thermally Assisted Switching (TAS) approach relies on the strong dependency of the magnetic properties upon temperature: a pulse of current is first applied throughout the MTJ to heat it above a so-called "blocking" temperature. It can then be easily switched by a low-magnetic field. Subsequently, the heating current is switched off so that the MTJ cools down to ambient temperature. This heating and cooling process only takes about 20ns. It insures an excellent retention of the information in standby for more than 10 years. This technology is being developed by the MRAM manufacturer CROCUS-Technology.
B. Technology and post process of the hybrid CMOS/Magnetic process
The hybrid technology presented here has been developed in the framework of a French national project SPIN [3] . The magnetic devices are fabricated at CEA-LETI and CROCUSTechnology, in post-process above the STMicroelectronics 130nm CMOS process. Fig. 2 shows a cross-section of the technology: it integrates the whole standard CMOS process, the magnetic layers with the MTJ itself, top and bottom electrodes plus vias to connect the MTJ to the CMOS layers. An interesting feature of this post process is its full compatibility with any standard CMOS process.
.
III. INNOVATIVE CELL AND TOOLS
A. 4 transistor loadless non volatile cell
An innovative non-volatile SRAM cell, made by Black and Das (B&D), has been proposed in [4] . It has been adapted to the TAS technology in [5] and integrated into a non-volatile flip-flop in [6] and [7] . The SRAM cell has been modified adding two MTJ acting in differential mode: one MTJ is in parallel state while the other is in antiparallel state. Thus, two logic values are coded in the cell: one in the magnetic part and one in the latch itself. They are independent since it is possible to write the magnetic information without affecting the latch and vice-versa. This cell requires 9 transistors instead of 6 in a classical SRAM cell, two of them being dedicated to heating the junction. The B&D can be used as any CMOS latch. A simple pulse of voltage on a so-called "Autozero" (Az) additional transistor allows transferring the value of the MTJ into the latch.
Several years ago, on previous generation processes, the 6 transistor (6T) SRAM were modified by replacing 2 transistors by 2 resistor loads above the 4 remaining transistors in order to improve the density, yielding a 4T SRAM. To operate correctly, the device requires high resistance values to ensure good logic levels and to limit the power consumption. Moreover, the resistance's area increases with advanced technology nodes compared to transistors area, so that the size of the resistors becomes prohibitive. In addition, the 4T SRAM suffers from intrinsic static power consumption and is sensitive to noise and soft errors because of the high resistance values. To solve these problems, a loadless 4T SRAM cell has been proposed in [8] , in which the access transistors are also used as load transistors: when they are "on", they are connected to the bit lines and allow the access to the SRAM cell for read and write operations. When they are "off", they are connected to the power supply and maintain the output logic levels "Q" and "Q_" by leakage currents. To operate correctly, the leakage current at "off" state has to be higher in the access transistors than in the latch transistors, to ensure logic levels to be compatible with the technology. This is performed by using low-threshold access transistors and highthreshold latch transistors.
We propose here a new non-volatile cell based on the 4T loadless SRAM. Two MTJ are added in the 4T SRAM cell as illustrated on Fig. 3 . The main innovation of this cell is that it uses the same path to write the MTJs and to read their state. Writing the MTJs is performed in two cycles, with the access transistors connected to vdd: first, one access transistor is activated for example applying a low level on the heat2 control signal. This saturates the N1 transistor. A low level on heat1 control signal allows the generation of the heating current for the MTJ1. The writing magnetic field can then be applied to write to the MTJ. This operation is repeated to write to MTJ2. In standby state, the access transistors are connected to vdd, but in "off" state. To restore the value of the magnetic part into the latch, P1 and P2 are on, connected to the power supply again and an Az pulse is applied: the latch operates as a sense amplifier to read the difference of resistances in the two branches. In non magnetic operations, data can be read or written directly to the latch. In this case, P1 & P2 are connected to the bit lines and activated at the same time. Since the resistance of the MTJs is comparable to the "on" resistance of the transistors, their presence does not disturb the writing/reading operations. The heating resulting from the current passing through the MTJs is not a problem since no magnetic field is applied at this time. The main advantage of this approach is that it requires only 5 transistors instead of 9 in the classical TAS B&S cell. Moreover, since the heating current is proportional to the surface of the junction, it decreases very quickly with the technology node. It is possible to use minimum size transistors to generate the heating current from 65nm CMOS technology and below, which means that a SRAM can be made fully non-volatile with a very low area overhead.
This compact innovative non volatile cell could be used in Magnetic RAM (MRAM) architectures which would enable to reduce the memory area in the design or to increase the storage capability for a given area. However we present below how this cell can be implemented in a flip-flop to make it non volatile. This innovative cell is used as the first latch of a flipflop, while the second latch is a classical 6T SRAM. This cell can be used as a classical register for high-speed operation. It also offers the possibility to backup its content into the magnetic part at any time and to restore it with an Az pulse shorter than 1ns as illustrated in Fig. 4 , to restart the logic on a known state. The total write time of this NVFF is typically around 40ns, driven by the heating/cooling rates, themselves depending on the materials. This allows a high frequency and low-power backup of the data in the non-volatile part in comparison with Flash for example. For applications which do not require a very high operation speed, it is even possible to write the MTJ at each clock cycle, resulting in a fully nonvolatile logic circuit. This cell can be used for example to ease the power gating technique: in operation, the cell acts as a standard latch. When the block has to be deactivated, the active data of the latch can be copied in the magnetic part, and the power supply switched off. When the block has to be used again, a simple Az pulse allows for immediate recovery of the data, to retrieve the state of the block.
B. Full custom flow and tools
Concerning the front-end, an electrical model of the MTJ has been developed [9] . The result is a dynamic library which can be loaded by an electrical simulator (for instance Spectre). The use of this model is very similar to that of the bsim model of the transistor: the model is a generic representation of the MTJ, which contains a given number of parameters. Some of these parameters are chosen independently for each instance. It is typically the case for geometrical parameters (size, shape...). They can be chosen by the designer when instantiating the device, according to the post process capabilities. The other parameters are linked to the technology and cannot be modified by the designer. They are provided by the manufacturer in a corner file. This compact model enables one to run an electrical simulation of a design including both standard CMOS devices such as transistors, resistors, capacitors and so on, and the MTJ with its specific signals. A symbol view is available to design a full custom circuit using MTJs. In Fig. 5, (a) is the heating control signal, (b) is the signal to control the generation of the magnetic field, (c) represents the temperature, (d) the voltage across the MTJ and (e) its resistance. During the period (1), a pulse of current is applied to the MTJ, resulting in a temperature increase. Then, a magnetic field is applied. After a delay (2) corresponding to the intrinsic switching duration, the resistance changes, as a consequence of the soft layer magnetization switching whose dynamic behavior is detailed in the inset. Then (3) is the end of the heating phase and (4) the cooling phase during which the temperature returns to the standby value. Fig. 5 (e) clearly shows the effect of temperature and voltage on the electrical resistance.
Concerning the back-end design flow, all necessary technology files have been developed and implemented in the design kit: specific layers have been added to insert the MTJs coupled with their connections. This is fully integrated with CMOS layers in the Cadence Layer Selection Window (LSW). A parameterized cell (PCell) has been developed to ease the MTJ design and to enable interactive parameter modifications when running the simulations and adjusting the full custom design. Regarding the verification, all MTJ's specific design rules have been implemented in the Design Rule Checks (DRC) with 2 different switches, offering the possibility to run the DRC either on both CMOS and magnetic layers or on the magnetic layers only. This gives the designers some flexibility. A full extraction is also possible with this design kit which enables one to run Layout Versus Schematic (LVS) checks on the entire design, including magnetic tunnel junctions. As a consequence, a netlist including all devices and parasitics can be extracted from the layout for post layout simulations and validation before manufacturing.
C. Digital flow and tools
A complex digital architecture can be made of standard volatile CMOS blocks and non-volatile CMOS/Magnetic blocks. Each of them needs to be described in a Hardware Description Language (HDL) before the synthesis. In order to be able to run digital simulation for advanced and complex designs, a full Verilog description of the NVFF has been developed. It takes into account the behavior and also the timing checks for the MTJ's heating duration, writing and reading. Indeed, the TAS method has very strict intrinsic timing constraints which need to be taken into account to ensure the simulation reflects the real MTJ behavior, as we have in full custom simulations using the compact model.
To design non volatile blocks using the innovative flipflop standard cell described above, the synthesis uses a specific library containing only registers made of CMOS and MTJs. The connections between all the magnetic signals such as Heat1, Heat2 and Az are defined in the HDL description where all these signals need to be declared and interconnected to manage the MTJ writing and reading. As a consequence, the netlist extracted from the synthesis includes the NVFF and both connections of CMOS signals (D, Clk, Q, Rst, Set …) and magnetic signals. The abstract view of the NVFF is given in order to place and route a full block composed of standard cells, using standard tools. Once the place and route job is completed, only the write signal paths need to be placed over all the rows composed of non volatile flip-flops and connected to current generators to generate the switching field. Since these specific cells can be neither flipped nor mirrored because of the importance of the write field direction, MTJs are placed only every 2 rows. To complete final simulations, an SDF file including the NVFF internal timings can be extracted from the placed and routed layout to back annotate the netlist to run more accurate simulations. Fig. 6 shows the layout of a digital filter described in HDL format, simulated with Mentor Graphics / Modelsim, synthesized under Synopsys / Design Compiler, placed and routed with Cadence / Encounter. This filter includes about 1100 standard cells in which about 290 are non volatile flip-flops described above.
IV. CONCLUSION
Non-volatile technologies and in particular the CMOS/Magnetic are more and more considered as a way to circumvent the limits of advanced CMOS circuits, combined with existing design techniques or technologies. This requires evaluating the use of these new devices in complex systems, and probably adapting the existing techniques and architectures correspondingly. Such studies can only be carried out using tools that integrate these devices in standard design suites. The proposed full MPDK has been developed and used to realize a demonstrator which is currently under fabrication within the SPIN research project. This design kit is compatible with design suites supported by most of the foundries and can be easily improved with the evolution of the technology. It could be adapted to fit accurate characterization results and made available for any designer interested in the design of hybrid Magnetic/CMOS circuits.
